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ABSTRACT
Using IGY data for the calender year 1958, the mean meridional
eddy transport of enthalpy was evaluated for the Southern Hemisphere.
Levels chosen for the study were 1000, 850, 700, 500, 400, 300,
200, 150 and 100 mb. Data from 84 Southern Hemisphere and 25
equatorial Northern Hemisphere stations was used. Yearly mean
quantities related to meridional eddy enthalpy flux were computed and
the maps analyzed.
It was found that around 40 0 S there is a double maximum zone
of poleward meridional transient eddy enthalpy flux, the strongest
center occurring at 850 mb, the other near 200 mb. The countergra-
dient transient eddy flux regions in the low latitude, mid-troposphcre
and the middle and upper lower stratosphere,found in Northern Hemi-
sphere investigations, were observed to exist in the Southern Hemi-
also.
The standing eddy heat transport as expected, was very weak ex-
cept at high latitudes where Antarctic continentality came into signifi-
cance.
The total vertically integrated enthalpy transport by the eddies
was found to be poleward everywhere, reaching a maximum between
350 and 400 S.
Thesis Supervisor; Victor P Starr
Title: Professor of Meteorology
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I. Introduction
Due to the net solar radiative heating of the earth in lower la-
titudes and cooling in middle to upper latiutdes, a poleward flux of en-
ergy is necessitated. This flux is carried out almost entirely by the
atmosphere-ocean envelope around the earth proper. Any conduction
of heat in the earth's crust is extremely minute in comparison. By
and large, this flux is achieved by the transport of three forms of en-
ergy: enthalpy (sensible heat energy),latent heat of evaporation, and
potential energy,
This study is concerned with the measurement of the eddy con-
tribution of atmospheric enthalpy to the total mean meridional flux of
energy southward in the Southern Hemisphere. This is the first such
study on a hemispheric scale for this hemisphere since, until the In-
ternational Geophysical Year 1958, sufficient data was just not avail-
able to undertake the task. Rubin and Weyant (1963) using this IGY
data measired the eddy transports of sensible heat for six levels but
confined their study to Antarctica and to only one latitude circle there,
72 0 S. They measured the total eddy enthalpy flux into this region as
14 -0. 84 x 10 cal sec
Numerous studies of this nature have been made on the Northern
Hemisphere. White (1951, 1951b) computpd qome of these eddy trans-
port quantities for sensible heat. White (1951a) made a study of North
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America and the adjacent regions of the Atlantic Ocean for February
and August of 1949. The results of this agree fairly well with more
recent and accurate studies, but one aspect that his study showed up
has now been refuted. Namely, he found a southward eddy transport
of sensible heat in the lower stratosphere from around 400 N to 70 0N.
It has now been established that mean meridional eddy flux of sensible
heat is northward, against the gradient, in this region. White, how-
ever, also found a countergradient heat transport region in the low la-
titudes most strongly in evidence around 400 to 500 mb. This fact was
soon substantiated by his subsequent study in 1953 and later by Peixoto
(1960). (Actually Priestly (1949) was the first to notice this cold re-
gion to warm region heat flow. He used two years of data for this
study, but worked with only one station.)
White (1951b) tabulated the mean meridional eddy transport of
enthalpy on a more hemispheric scale for the winter of 1945-46. But
due to sparse data, he was forced to use geostrophic winds and had to
confine his study to within the region bounded by 350 N and 75 0 N, and
1013 mb and 500 mb.
It was not until the work done by Starr and White (1954) and
Peixoto (1960) on the Northern Hemisphere that the first nearly com-
plete hemispheric picLures of meridional eddy flux of enthalpy were
produced. Besides the aforementioned countergradient flux regions,
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these studies clearly showed the yearly vertical mean maximum near
latitude 500 N with two separate maxima in the vertical: one in the
neighborhood of 850 mb at 500 and a secondary maximum of slightly
less intensity between 200 and 100 mb also around 500. Starr and
White's stratospheric maximum was somewhat south of 500 and clo-
ser to 200 mb, and Peixotot s, somewhat north of 500 and closer to
100 mb.
Within the past two years, the M. I. T. Planetary Circulations
Project under V. P. Starr has attained Northern Hemisphere data for
a five-year period., May, 1958-April, 1963 (see Starr, 1968). The
eddy sensible heat quantities have been computed for the full year
mean. This data, like Starr and White's 1954 and Peixoto's studies,
exposes a definite double maximum of eddy heat flux northward at
500, with one center at 850 mb and the other near 200 mb. Also,
again the countergradient southward flux in low latitudes is centered
around 500 mb. This "five-year data", as we shall henceforth refer
to it, is considered to give the best, presently available informa-
tion about the general circulation of the Northern Hemisphere. This
being the case, these results will be examined in more detail later
in regards to comparing them with this research as to determine the
A -------3~ +h,-l bcv-. ~ cc i c'rr-, c, ,-rdegree o ianlogy the
reasons for it.
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II. Generation of Formulae
A. Notation:
= longitude
4 latitude
pressure
height above sea level
time
eastward, northward and upward unit vectors,
respectively
= ui + vj + wk = total wind vector
= zonal component of wind, positive eastward
orY = meridional component of wind, positive north-
ward
vertical component of wind, positive upward
gravitational acceleration
rate of heat addition per unit mass
rate of work done against frictional forces per
unit volume by fluid
density
specific humidity
latent heat of evaporation
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V = volume
S = surface
T absolute temperature
specific heat at constant pressure
= specific heat at constant volume
meridional enthalpy transport
radius of the earth
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B. Energy balance equation:
Starr (1951) has formulated the following atmosphere-ocean
energy balance equation:
where
C-'J-v = internal energy per unit mass of-dry air
= latent heat
2.
= kinetic energy per unit mass
= potential energy per unit mass
.. = non-frictional heating (radiation)
energy flux per unit volume within the oceans
To measure the total flux of energy into any region of the
fluid envelope of the earth, V, we integrate this- equation.
Therefore,
where H is the total enrgv fl1v into) any v-lume Porf the oceans.
Assuming that the total energy in any region does not change
-12-
on the long term average,
Y S
or
(2) A) M-\>\V QVIQ (5j Jt
-'I- S
C. Formulae:
The part of equation (2) which concerns this study is, of
course,
5A
For present purposes, this integral expresses the meridional trans-
port of CpT, or enthalpy, into a polar capped region of the atmo-
sphere defined by S.
To evaluate the integral, we are forced to use numerical
means since obviously the atmosphere is far too complex to be ex-
pressed by analytically integrable functions.
Since nearly hydrostatic equilibrium exists in the atmosphere,
we let p be the vertical pressurecoordiae. Also, the only wind
component that affects this integral is the meridional component, v,
-13-
so it can be rewritten as:
(3)
where is the surface pressure.
Since we shall only be concerned with the mean flux and not
instantaneous conditions, we define a time average integral repre-
senting one year as Q ) ()
Thus, the time average meridional enthalpy transport is ex-
pressed as,
(4)
4'
N):
TV
Zonal averaging, defined as (\) AX is employed
next. Therefore, (4) now becomes
(5) )
Following Priestly (1949), we subdivide L J4 into its eddy
and mean cell parts.
(6)
\~7Fj$'j
CV, 
_T 'r 4 X A?
I
-----------
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where ( ) is the deviation from the time average, ( ) and ( )* is
the deviation from the zonal mean, ( )
rT\ represents the mean meridional cell advection of mean
zonal, time averaged temperature by the mean zonally averaged north-
south component of the wind field.
*V represents the "standing eddy" term, or the zonally aver-
aged spatial covariances correlation of the time mean values of T and
V.
T'v' \ represents the "transient eddy" term, or the zonal aver-
age of the time averaged covariance correlations of T and v.
Now define:
0
(8) -.. r~\ r
O
0
Therefore,
[f3± V VEji
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III. Data
The data used for this study were those collected during the
International Geophysical Year. Three data centers were established
to collect all observations over both hemispheres. These centers
were WDC-A at Asheville, North Carolina, U. S. A., WDC-B in
Russia, and WDC-C in the Secretariat of the World Meteorological
Organization at Geneva. It was the responsibility of the WDC-C to
collect all meteorological synoptic data and put it on microcards.
These were obtained by the M. I. T. Circulations project and the data
was transferred onto computer cards for machine computation of the
necessary quantities for this study.
Since both wind and temperature data were needed, stations
in or close to the Southern Hemisphere reporting daily temperatures
and, or winds were used. Levels of observations were 1000 mb (in
some cases surface observations were used), 850, 700, 500, 400,
300, 200, 150 and 100 mb. Table 1 contains a listing of all stations
used. Figure 1 gives an idea of the global coverage of the data, as-
suming each station is representative for a circular area with a 300
mile radius. Unfortunately, data density decreases slightly for
successively higher levels thus possibly causing likewise a fall in
the significance of the rceults. The biggest problems in data density
commonly occurred over ocean areas. The worst coverage was in
-16-
the South Pacific from around 900 W to 150 0 W. To compensate for
this, daily winds were derived geostrophically from the IGY World
Weather Maps published by the Department of Transport of South
Africa for the surface, 850 and 500 mb levels for stations 96469 and
96980. Daily surface temperatures also were taken from the same
set of maps for these stations. Interpolative procedures were used
to acquire data for the other levels.
For most stations, all available observations were used.
Hours of observations included OOOOZ, 0006Z, 0012Z and 0018Z.
The only available data for some stations were those recorded at
0000 Z and for other 1200 Z. It is felt justifiable and indeed desir-
able to use this irregular hour data for the following reasons: first,
there is very little diurnal variation of temperatures and wind except
near the ground, and secondly, the statistical methods used in this
study demand a time random sampling of data.
-17-
IV. Procedures
A. Evaluation of and :
For each station in Table 1, T, v and v'T' were computed for
all levels. These three quantities for each level were plotted on
Southern Hemisphere polar projections and hand analyzed using iso-
lines. Analyses took into account such things as geographical fac-
tors, number of observations that the data at a particular station was
based on, and meteorological credibility. Using interpolative pro-
cedures, these maps were read and values were recorded at every
5 latitude and longitude interval. Zonal averaging was then per-
formed on T, v, and v'T, at each of these latitudes for every level.
In turn, from the knowledge of 9 and , values of v T
were tabulated also at every level for every 50 latitude circle.
Now, the mean meridional eddy transports of enthalpy, Nv
that part due to the standing eddies and , that due to transient
eddy flux could be computed according to equations (8) and (9), re-
spectively. The vertical integration necessary to compute these was
performed using the trapezoidal rule, i. e.:
1000
th o
for the 9 levels from 1000 mb up to 100 mb.
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The liberty taken in integrating only from 1000 mb to 100 mb
is necessitated by both the sparsity of data above 100 mb and the in-
finite complexity of the problem if we attempted to integrate to sur -
face pressure all over the hemisphere. Using 1000 mb as mean sea
level pressure tends to overestimate the total integrated enthalpy
flux values over mean low pressure areas or over mountainous re-
gions. Where mean surface pressure is greater than 1000 mb, the
integrated values are underestimations. We can assume, however,
that besides these effects tending to cancel one another, they are
negligible for present purposes in the first place. The contribution
of the layer above 100 mb, on the contrary, according to Peixoto
(1960) may prove to be of some relative importance. However, in a
pilot study of this nature, where it is basically endeavored only to
determine a first approximation of these eddy quantities at various
latitudes, the author feels that it is permissible to employ these rel-
atively small assumptions.
B. The unmeasureability of
This study does not propose to measure the total meridional
enthalpy flux, . Peixoto (1959) described why this is not fea-
sible at present. The trouble lies in the measurement of
in the mean cell transport component of E , Consider the mean
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meridional wind, y at some latitude. This is known to be a very
small number and we may write it in the form 0 t where
is expressed in meters per second. Define the absolute temperature
T, as 273. 10 + 0 where 0 , expressed in 0C is ordinarily
much inferior to 273. 1 . Therefore T v may be written as
+ (2 73. 1 + E ) e9::', + 2 73. 1
Through the many other studies done in measuring the eddy
transport of enthalpy it is known that tT'VII + vT* is, at its
largest, more than ten times as small as 273. 1. Thus would
-1have to be measured to at least . 1 met sec accuracy or the error
itself, in T v would be greater thanTv! + T*v*. Unfor-
tunately, measurements of v of this quality are not presently possi-
ble. To exemplify this, in the study by Starr and White (1954), they
attempted to measure TI (VJ at various latitudes for the entire
year of 1950. At almost every level and latitude, 95% confidence
limits on ~ T v were of the same order of magnitude as the
values themselves.
These findings seem like an insurmountable problem in the
measurement of the total atmospheric enthalpy component of the
meridional energy flux. Nevertheless we shall review the results of
several investigators who measured mean meridional energy trans-
port using radiational methods and compare them to Starr and
-20-
White's 1954 results and the five-year computations coupled with Pei-
xoto's 1965 latent heat values. This comparison is given in Table 2.
From the results presented in this table, it appears that the to-
tal mean meridional flux of eddy sensible plus latent heat accounts
for most of the meridional energy flux as determined by radiational
requirements north of the subtropical latitudes. Starr and White
(1954) reason that meridional transfer of other forms of energy are
either small in comparison or tend to compensate one another at
these latitudes. Included with the other forms such as potential and
kinetic energy flux in the atmosphere and oceans, and enthalpy flux
in the oceans, is the mean meridional cell transport of atmospheric
enthalpy. Kinetic energy is quite negligible, and it has been theorized
by Sverdrup (1942) that the oceans account for no more than 15% of
the total meridional energy flux in the Northern Hemisphere. Seem-
ingly this says then that north of the subtropics to at least 700, poten-
tial energy flux and the mean cell enthalpy flux are either small or
tend to cancel, and that at these latitudes in general, the total neces-
sitated northward energy flux is achieved by the eddy transport of en-
thalpy and latent heat in the atmosphere. In the tropics, however,
there are obviously other modes of transport more prominent than
these eddies.
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V. Results
A. Zonal averages with comparison to Northern Hemisphere:
Table 3 gives zonal averages at each level of the transient eddy
heat transport. Figure 2 gives the graphical representation of these
values. Perhaps most striking in figure 2 is the double maximum
of southward heat flux by the transient eddies at 400 S. One center is
around 200 mb and the other, larger center, is near 850 mb.
Plates 10-19 are the horizontal maps of v'T'. They clearly
show the geographical distribution of the huge meandering belt of
cells of southward eddy transport centered at 400. Favored regions
of large southward flux appear to be near New Zealand and over the
southern Indian Ocean. From the surface, up to around 200 mb, a
large negative (southward) cell consistently exists from just off the
east coast of the southern tip of South America, eastward and
southward to cover most of the far south Atlantic Ocean into the Ant-
arctic. A compensating northward cell extending from the extreme
tip of South America well into the Antarctic circle is also quite evi-
dent at.these levels. This appears to be a favored region for cyclogen-
esis. At 200 mb, however, a sudden change takes place in these
patterns. There is a complete turnabout in the sign of the transient
ddy~ rcl-l, prb bl ca ed by the reversal f the temperatre gra-
dient at the tropopause (see plates 7, 8 and 9).
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Above the lower stratospheric maximum there is a rapid de-
crease in the poleward enthalpy flux by the transient eddies, but the
zonal means still remain substantially negative. In fact, not only at
these latitudes, but from about 200-250 southward, the flux is pole-
ward, against the temperature gradient to 600 S as revealed in
plates 8 and 9 and table 5. In low latitudes there are two regions of
equatorward transient eddy flux. One is centered around 500 mb
and a smaller one of slightly greater intensity is centered at 150 mb.
These regions extend as far south as 250 S but are of small intensity
relative to the centers of poleward flux at 400. Referring to plate 13
of v 1T' at 500 mb, one can see that the equatorward transport, even
though quite small, is certainly real since it is generally quite con-
sistent around the equatorial latitude circles. From 150 south, the
structure of the isolines of transient eddies is much more cellular.
Large cells of positive flux exist from 150-300 S over western Africa
and South America, and over most of central and western Australia,
but their effect on the zonal average is largely negated by neighbor-
ing cells of southward flux of comparable intensity. However, as seen
in table 3 and figure 2, these positive cells seem to outweigh the nega-
tive cells at least down to 250 S at this level. Plate 17 of v'T'
at 150 mb revcals an alternation of positive and negative trans-
port around these low latitudes , much more so than at 500
-23-
mb. However, unlike the 500 mb analysis, the 150 mb map shows
relatively large positive cells at equatorial latitudes which overcom-
pensate for the low latitude southward transport. Most apparent in
this regard, is the large south Pacific cell centered near 150 0 W, 200 S.
A third region of equatorward transient eddy transport of enthalpy,
smaller and weaker than the preceding two, however, appears cen-
tered between 300 and 400 mb from 650 -75 0 S with a small extension
at 500 mb possibly running past 800 S. Referring to plate 15 of v'T'
at 300 mb where this effect is most marked, one sees the thin but
strong band of northward transient eddy flux from around 170 0 W west-
ward to around 100 E between 60 and 750 S. Another elongated posi-
tive band is oriented north-south from the southern tip of South Amer-
ica almost to the pole. The large network of Antarctic stations is
enough to verify the reality of this zone.
Figure 5 is a cross-section analogous to figure 2, for the Nor-
thern Hemis'phere transient eddy heat transport based upon the pre-
liminary results of the five-year data of Starr (1968). In most gen-
eral respects these cross-sections are quite analogous. The double
maximum of poleward flux, the countergradient flux in the lower
stratosphere, the large regions of equatorward flux in low latitudes
extending furthest south at 500 mb and in the lower stratosphere, and
even the small region of equatorward flux at high latitudes in the up-
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per troposphere, are all significantly similar features of both studies.
The basic dissimilarity appears to be the much weaker Southern
Hemisphere, 850 mb, poleward transport cell in mid-latitudes. The
Southern Hemisphere cell appears to be about one third weaker at its
center. The 200 mb cells are of quite comparable magnitude at
their centers, however. The double cell of the Northern Hemisphere
is centered at 450N while the Southern Hemisphere's is at 40 0 S. The
Northern Hemisphere's large core of poleward flux is also broader.
Close to 300 mb in figure 2 is centered a wedge of negative
transient eddy flux extending from the core at 400. This separates
the two positive regions in the low latitudes of the Southern Hemi-
sphere. The wedge is nonexistent in figure 5 for the five-year study.
The strength of all of the equatorward flux regions in both figures 2
and 5 are similarly quite small as would be expected.
The differences uncovered between these studies could be partly
due to analyzing techniques. The author attempted to analyze con-
servatively and was careful not to include any spurious cells that
could not be substantiated by the data or meteorological reasoning.
The five-year data was machine analyzed by methods not at the auth-
or's disposal. However, the northern study had many more stations
( 7 700) to base its analysis on. giving it an advantage in this respect.
It- should be made clear though that these five-year results are pre-
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liminary and have certain analysis difficulties still to be ironed out.
The primary differences noted in the two hemispheres are, however,
most likely due to the great variation in the geography between them.
Table 4 and figure 3 give the zonal averages, at each level, of
the standing eddy heat transport found in this study for the Southern
Hemisphere. Quite generally these values as expected, are much in-
ferior to the corresponding transient eddies. No large central pat-
tern was uncovered as there was for the transient eddies. By and
large, the general picture is one of small mean negative flux over
most of the region. An exception is the rather large area of equator-
ward flux from around 800 mb to near the surface from around 550S
to 170 S and extending to the equator at 850 mb. This effect as seen
in table 4 is most pronounced at 850 mb where strongest positive
standing eddy values occur around 150-250S. Referring to plate 2,
T at 850 mb, at these latitudes there are large undulations in the T
field, most notably from 120 0 W eastward to 500 E. This causes mag-
nitll soage vA coruesoni. oisa thegio the s whLso pis
cells so as to give v*" corresponding to these in sign which produces
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the large poleward standing eddies.
Another notable exception to the generally small negative stan-
ding eddies is the conspicuous zone of positive transport in the middle
to upper latitude, upper troposphere. However, the same identical
kind of ordered correlation as the preceding exists, with an equator-
ward bend in the isotherms around Australia and New Zealand cor-
related with large negative v cells, and a poleward displacement in
the isotherms from 500 W to 00 at these latitudes corresponding to a
large positive v cell centered a little further south toward the pole.
The largest negative zonal averages of the standing eddies no-
ticeable in figure 3 are at high latitudes. This primarily is a result
of the general displacement toward 300-600 of the isotherms around
the pole in these latitudes at all levels (see plates 1-9). This effect
is most apparent in the lower stratospheric layers. This displace-
ment, as one would expect, is such that the "cold pole" is situated
more in regards to the center of the continent. The large negative
standing eddies near the surface are evidence of the large cell of sou-
therly, "katabatic winds" that blow off of the Antarctic pleateau.
A comparison of the standing eddies just discussed, with those of
the five-year results (figure 6) does not show nearly the analogy that
appears so clearly in the transient eddies. This is to be expected,
since the standing eddies are so directly affected by geography. Fig-
-27-
ures 3 and 6 reveal that the Southern Hemisphere standing eddies are
generally much inferior to those in the Northern Hemisphere, reflec-
ting the much greater homogeniety of surface conditions of the former.
Present in the five-year study is the equatorward flux of enthalpy due
to the standing eddies in low latitudes. Unlike the Southern Hemi-
sphere, this region is deeper and extends up to 500 mb. Between
200 -300 mb, there appears to be another center of even stronger
equatorward transport with a very strong poleward standing eddy flux
directly above it. These cells, however, are not to be relied upon as
real, since enough data for these latitudes and levels was lacking and
the machine analysis was poor.
Not present in the Northern Hemsiphere is the cell of equatorward
flux in the middle to upper troposphere region of middle latitudes
discusscd for the Southern Hemisphere. Instead, the five-year cross-
section reveals a larger region of equatorward transport centered at
800N, exten'ding from 800 mb all the way up to 200 mb.
There is a similar finger-shaped zone of fairly strong standing
eddy flux in the Northern Hemisphere stratosphere from 45 0 -60 0 N to
the one found in this present study further poleward.
-28-
Figure 4 is the zonal cross-section of the total eddy enthalpy
contribution to the mean meridional energy flux found for the South-
ern Hemisphere. Clearly, the standing eddies change the picture of
mean flux very little from that of the transient eddies.
B. Vertical integrals with comparison to Northern Hemisphere
Vertically integrated values of the transient and standing eddy en-
thalpy fluxes appear in table 6. Figure 7 presents these quantities
graphically. The dominant character of the transient over the stand-
ing eddy flux at most latitudes is easily seen. The transient eddy part
of the enthalpy transport is 0. 0 at the equator but is slightly positive
in low latitudes reaching as high as .07 x 10c4 cal sec~ 1 at 50 S. How-
ever, from just north of 100, southward, the net effect by the tran-
sient eddies is negative. These eddies reach a peak at 400 of 3. 5 x
1014 cal sec~ , which corresponds to the latitude of the double maxi-
mum. From this peak southward, there is a more gentle sloping off,
the eddies remaining negative to the pole.
The standing eddies most affect the total meridional eddy enthalpy
flux at both lower and higher latitudes. At 100 S they account for -2. 3
x 10 4 cal sec~, outweighing the positive transient eddy effect, cau-
sing the total eddy flux to be southward. The standing eddy Flux
reaches a second peak around 300 S of -. 44 x 10 4 cal sec 1 . South of
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this, they drop to very small magnitudes, reflecting the extremely
sparse continentality. At 650, the Antarctic continent makes its
presence felt when the standing eddy effects peak to -. 90 x 10 1 cal
sec- 1, becoming almost as large as the transient eddies here. The
standing eddy transports taper off from here to the pole but not as
rapidly as the transient eddy flux. As in low latitudes, they even be-
come larger in magnitude than the transient effects for the zone near
700 S and southward.
Table 7 and figure 8 give similar vertically integrated values for
the Northern Hemisphere from the five-year data. Basic differences
from the present study are obvious. From around 300 northward,
the five-year study gives transient effect appreciably larger than
those of the writer's. Comparing peak values, the Northern Hemi-
spheric total eddy enthalpy flux approaches 6. 0 x 101 4 cal sec 1
around 48 0 N while the Southern Hemisphere peak at 40 0 S only reaches
3. 5 x 1014 cal sec~. Possible reasons behind this were already
discussed on p. 24.
Fluxes due to standing eddies in the two hemispheres are very
comparable in magnitude from the equator to around 350. Negative
standing eddy transport exists in the Northern Hemisphere from 150
soubthwaru into the outAhnI 11Hemisphere. At.1,L CbLoutL 52N .iL rL ech
its strongest peak of about 1. 82 x 1014 cal sec- 1 (where continentality
is strongest) or about twice as intense as the strongest Southern
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Hemisphere meridional transport due to this form of eddy.
The sum of the vertically integrated transient and standing eddy
transport for both hemispheres is presented in tables 6 and 7, and
figure 9. Adding these moves the region of maximum poleward flux
in the Southern Hemisphere from 40 0 S, northward closer to 350 S.
The Northern Hemisphere center is also moved northward by a simi-
lar distance. Most significant here is the much greater total pole-
ward eddy enthalpy flux from 300 to the pole in the Northern Hemi-
sphere than that measured for the Southern Hemisphere. From 300
to the equator, the opposite is true, but the differences are less.
It should also be noted that in both hemispheres, any net equatorward
flux due to one form of eddy alone is washed out when added to the
other.
C. Discussion of results in view of the radiation balance requirements
As discussed earlier, the standing and transient eddy transports
of enthalpy are not the only mechanisms carrying energy from equa-
tor to pole. Other than these eddies, most important is the potential
and sensible heat energy transported by the mean meridional cells, en-
ergy in the form of latent heat, and the sensible heat energy flux in the
oceans.
To determine how well the present study fits into the total meri-
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dional energy balance system, which is governed by the net solar
radiation received at various latitudes, other energy estimations are
utilized here.
In tables 6 and 7, the Southern Hemisphere latent heat flux val-
ues of Starr, et. al. (1968) have been added toihe author's total eddy
(N.H. ) enthalpy results, and the latent heat results of Peixoto (1965)
have, likewise, been added to the five-year quantities. Figure 10
gives the pole to pole distribution of these sums. Poleward to around
600, the latent heat effects are substantially stronger for the South-
ern Hemisphere. As discussed on p 20 , this sum (actually, only
the eddy parts of latent heat were included there, but this is very
nearly the same), as compared with radiation requirements, seems
to account for the main part of the total meridional energy transport
in Northern Hemisphere middle latitudes. The addition of latent heat
does tend to raise the level of the Southern Hemisphere, but quite a
difference still exists, due solely to the much weaker transient eddy
enthalpy flux measured for the former. This difference could,in part,
be explained by a much greater enthalpy flux in the oceans, since at
these latitudes the Southern Hemisphere is more than 95% ocean while
the Northern Hemisphere is almost 2/3 land. A study of the oceans
in te Su r Imisphere would be most valuable tward resolvigV
Li LIU OUULi 11 11question. VV b 1iJ b V A %-JV
this question.
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Figure 11 compares the total eddy enthalpy plus the total latent
heat energy flux for the Southern Hemisphere to radiation studies by
Gabites (1950) and Sellers (1966). Lorenz (1967) gives an estimate
of the tentatively measured energy flux due to the mean meridional
cells in the atmosphere. Lorenz estimates are for the Northern
Hemisphere but are used here with the assumption that they would be
similar for the Southern Hemisphere. Lorenz gives about 7. 0 x 1014
cal sec-1 at around 120 N as a maximum poleward potential plus sensi-
ble heat energy flux due to mean meridional cells. This quantity falls
to zero near 300 N and is directed southward from there to the pole,
reaching a negative extreme value of almost -2. 0 x 1014 cal sec- 1 at
around 450.
We now apply these Lorenz results to the Southern Hemisphere.
Combining his values with the composite eddy enthalpy and latent
heat curve in figure 11 would bring this curve much closer to both
radiation studies down as far as 300 S, especially using the results of
Gabites. From 300 to the pole, the effect of the meridional cells is
such as to decrease the magnitude of the total poleward energy flux,
making the total again more comparable to Gabites from 300-45 0 S but
slightly less comparable from there poleward. However, this equa-
torward meririnnP1 e11 effect mqkes the curve less comparable with
Sellers' results all the way from 300 to the pole. But to repeat what
-33-
was stated earlier, the oceans could well play a considerable role in
the total energy balance of the Southern Hemisphere, bringing the
composite energy curve of figure 11 much more into agreement with
Gabites and especially Sellers in middle to upper latitudes.
-34-
VI. Conclusions
The IGY data has made it possible for the first time to measure
the eddy components of the mean meridional enthalpy flux in the
Southern Hemisphere.
There were several basic discoveries in this study. There is a
large zone of poleward transient eddy transport of enthalpy centered
in middle latitudes around 400. It is composed of two separate cen-
ters, one close to 200 mb and the other at 850 mb. Regions of equa-
torward transient eddy flux were found in the low latitudes centered
at 500 mb and 150 mb and in high latitudes between 300 and 400 mb.
Standing eddy enthalpy flux is,almost everywhere, very inferior
to the transient eddies, as expected because of the extremely homo-
genous surface conditions. A notable exception to this is between
600 and 700 S where the Antarctic continentality becomes significant.
Upon comparing the results of this study to the latest Northern
Hemisphere values available the primary difference is the much lar-
ger poleward transient eddy enthalpy flux in mid latitudes of the latter.
When considering other forms of meridional energy flux from previous
studies, it appears that greater latent heat flux in the Southern Hemi-
sphere makes up a little of this difference and much more of the dif-
ference could be made up by ocean transport of sensible heat.
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TABLE 1:
List of Stations
Station No.
40 597
43 279
43 333
43 371
48 568
48 694
48 900
61 900
61 996
63 450
63 741
64 005
64 210
64 360
64 501
64 650
64 910
65 201
65 578
Name Latitude
Aden/Khormaksar 12 50 N
Madras/St. Thomas Mt. 13 00 N
Port Blair 11 40 N
Trivandrum 08 29 N
Songkhla 07 11 N
Singapore 01 18 N
Saigon 10 49 N
Ascension Island 07 55 S
N'lle Amsterdam 37 50 S
Addis Ababa 09 00 N
Nairobi 01 15 S
Coquilhatville 00 03 N
Leopoldville 04 19 S
Elizabethville 04 36 S
Port- Gentil 00 42 S
Bangui 04 22 N
Douala 04 01 N
Abidjan 05 15 N
Longitude
45 01 E
80 11 E
92 43 E
76 57 E
100 37 E
103 53 E
106 40 E
14 25 W
27 34 E
38 44 E
36 49 E
18 17 E
15 18 E
27 32 E
08 45 E
18 34 E
09 42 E
w3 20 E
03 56 W
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Station No.
66 160
67 085
67 341
67 475
67 587
67 663
67 774
68 032
68 100
68 262
68 406
68 588
68 816
68 906
78 806
80 001
80 401
82 400
82 898
83 781
List of Stations(con't)
Name Latitude
Luanda 08 50 S
Tannarive 18 54 S
Margues 25 55 S
Kasama 10 12 S
Lilongwe 13 59 S
Broken Hill 14 28 S
Salisbury (Observatory) 17 50 S
Mavn 19 59 S
Swakopmund 22 41 S
Pretoria 25 45 S
Alexander Bay 28 37 S
Durban 29 50 S
Capetown 33 58 S
Gough Island 4C 03 S
Albrook 08 58 N
San Andres 12 35 N
Maracay 10 15 N
Fernando Noronba 03 50 S
/ 0 1) I V
Sao Pueblo 23 33 S
Longitude
13 12 E
47 32 E
32 34 E
31 06 E
33 45 E
28 27 E
31 01 E
23 25 E
14 31 E
28 14 E
16 29 E
31 02 E
18 36 E
09 55 W
79 34 W
81 42 W
67 39 W
32 25 W
4A 3I 'W
0 -X .LIV
46 38 W
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Station No.
84 129
84 631
85 442
85 543
85 801
87 157
87 576
87 715
87 860
87 938
88 890
88 952
88 968
89
89
89
89
89
89
001
009
022
043
125
162
List of Stations(con't)
Name Latitude
Guayaquil 02 10 S
Lima 12 04 S
Antofagasta 23 28 S
Quintero 32 47 S
Puerto Montt 41 27 S
M. A. Resistencia 27 28 S
Ezeiza 34 50 S
Neuquen 38 57 S
Comodora Rivadavia 45 47 S
Ushvaia 54 48 S
Port Stanley 51 42 S
Argentine Island 65 15 S
Observatorio Naval 60 44 S
Orcadas
Norway Base 70 20 S
Amundsen-Scott Station 90 00 S
Halley Bay 75 31 S
Ellsworth Station 77 43 S
Byrd Station 80 00 S
Little America V 78 14 S
Longitude
79 52 W
77 02 W
70 26 W
71 32 W
72 50 W
58 59 W
58 32 W
68 09 W
67 30 W
68 19 W
57 52 W
64 16 W
44 44 W
02 00 W
26
41
120
161
37
07
00
55
-40-
List of Stations(con't)
Station No.
89 522
89 557
89 592
89 593
89 601
89 606
89 611
89 664
89 671
91 334
91 348
91 366
91 376
91 408
91 413
91 489
91 517
91 680
91 700
91 938
Name
Base Belge
Sovetskaya
Mirny
Pionerskaya
Oazis
Boctok
Wilkes IGY Station
Williams Facility
Adare Station
Truk
Ponape
Kwajalein
Majuro
Koror
Yap
Christmas Island
Honiara
Nandi
Tahit Island
Tahiti
Latitude
71 00 S
78 24 S
66 33 S
69 44 S
66 16 S
78 S
66 15 S
77 50 S
72 25 S
07 28 N
06 58 N
08 43 N
07 05 N
O'' 20 N
09 29 N
02 00 N
09 25 S
17 45 S
1A n r17 43 S
17 32 S
Longitude
23 00 E
95 30 E
93 00 E
95 30 E
100 44 E
107 E
110 35 E
166 36 E
170 55 E
151 51 E
158 13 E
167 44 E
171 23 E
134 29 E
138 08 E
157 23 W
159 58 E
177 27 E
171 43
L L W J
149 35 W
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Station No.
93 112
93 780
93 844
93 997
94 027
94 120
94 294
94 312
94 326
94 335
94 461
94 510
94 578
94 610
94 637
94 646
94 672
94 776
94 865
94 974
List of Stations(con't)
Name Latitude
Whenvapai 36 47 S
Harewood 43 29 S
Invergargill 46 25 S
Raoul Island 29 15 S
Lae 06 43 S
Darwin 12 26 S
Townsville 19 15 S
Port Hedland 20 23 S
Alice Spring 23 48 S
Cloncurry 20 40 S
Giles 25 02 S
Charleville 26 25 S
Eagle Farm 27 26 S
Guildford 31 56 S
Kalgoorlie 30 46 S
Forrest 30 51 S
Adelaide Airport 34 57 S
Williamtown 32 49 S
Mlvelouitrne 37 36 S
Hobart 42 50 S
Longitude
174 38 E
172 32 E
168 19 E
177 55 W
147 00 E
130 52 E
149 59 E
118 37 E
133 53 E
140 30 E
128 18 E
146 17 E
153 05 E
115 57 E
121 27 E
128 06 E
138 32 E
151 50 E
1AA A r
I17q0 2
147 28 E
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List of Stations(con't)
Station No.
94 995
94 996
94 998
95 502
96 469
96 745
96 933
96 980
96 996
98 645
98 836
Name
Lord Howel Island
Norfolk Island
Macquarie Island
Dumont d'Urville
Pasqua Island
Djakarta Observatory
Surabaja
Pitcairn Island
Cocos Island
Cebu
Zamboanga
Latitude
31 31 S
29 03 S
54 30 S
66 60 S
29 20 S
06 11 S
07 13 S
25 04 S
12 11 S
10 20 N
06 54 N
Longitude
159 04 E
167 56 E
158 57 E
140 01 E
109 30 E
106 50 E
112 43 E
130 04 W
96 50 E
123 54 E
122 04 E
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TABLE 2: Mean meridional energy flux results of various in -
vestigators for the Northern Hemisphere. Units
are in 1014 cal sec~1 .
London
1953 1957
1.9 3.5
4.7 8.2
6.4
6.2
10. 5
10.2
5.2
Radiation Studies
Gabites Houghton
1950 1954
3.4
6.4
6.1
5.1
3.6
3. 9
9. 5
13. 3
12. 3
6.0
Baur and
Phillips
1935
7.5
10.2
7.4
Albrecht and
Bjerknes
1933
2.0
4.8
6.3
6.2
Dynamical Studies
Starr, '68 Peixoto, '65
Total Eddy Trans. Eddy
Starr, '68 Total Eddy Total Eddy
+ Enthalpy Latent Heat
S. and W.
Total
Enthalpy Latent Heat Peixoto, '65 Starr and White, '54
2.20
6. 72
6. 56
2.41
.47
1. 58
3. 30
3. 36
2. 67
8. 30
9.86
5. 77
1.50 1.61
3. 3
5. 8
5. 6
2.8
0.8
2. 3
2. 7
3.1
4.1
8. 1
8.3
5.9
Lat ON
700
55
42. 5
31
Lat. 0 N
700
55
42. 5
31
13 . 11
TABLE 3: [v'TI J cos 9 as a function of pressure and latitude in the Southern
Hemisphere for the year 1958. Units are in m OK sec 1
Mb. -- 1000 850 700 500 400 300 200 150 100
Latitude
800 (S) .29 -1.02 .17 - .26 - .17 - .71 - .07 .36
750 1.74 - .23 -1.05 .16 - .14 .26 -1.39 - .71 - .42
700 -1.51 -1.19 -1.75 - .05 .15 .56 -1.80 - .96 - .98
650 -1.55 -2.30 -2.54 - .50 - .02 .49 -2.19 -1.03 - .94
600 -1.63 -3.35 -3.41 -1.18 -1.04 - .54 -2.78 - .86 - .40
550 -1.79 -4.39 -4.13 -1.77 -2.54 -1.60 -3.08 - .87 - .36
500 -1.79 -5.51 -4.60 -1.36 -3.81 -2.65 -4.23 -1.00 - .66
450 -1.91 -6.19 -5.00 -1.71 -4.26 -3.46 -5.15 - .67 - .87
400 -1.82 -6.39 -4.72 -1.99 -3.91 -3.73 -5.96 -1.71 -1.19
350 -1.50 -6.04 -3..85 -1.23 -3.75 -3.50 -5.67 -1.74 -1.17
300 -1.59 -5.19 -2.78 - .38 -2.91 -2.92 -4.57 - .90 - .53
250 -1.93 -3.85 -1.69 .16 -1.93 -2.06 -3.25 - .06 - .17
200 -1.67 -2.42 - .58 .51 -1.02 -1.45 -1.89 .65 - ,.08
150 -1.30 -1.67 0.00 .46 - .37 -1.03 - .99 .82 .03
100 - .84 -1.06 .28 .57 0.00 - .49 - .25 .84 - .07
50 - .33 - .47 .28 .50 .18 - .12 - .03 .68 .02
00 .10 .01 .15 .19 .07 - .12 - .08 .21 .05
fl
TABLE 4: r*T*, cos # as a function
Hemisphere for the year 1958
of pressure and latitude in the
. Units are in m OK sec- 1 .
Mb. - 1000
- .66
-3.27
-3.85
-1.60
- .51
.28
.42
.34
.02
- .13
.05
.77
- .27
- .86
-1.95
850
- .05
- .24
- .37
- .22
- .09
.07
- .01
- .08
.10
. 14
.35
.86
1.26
.76
.26
.26
.16
700
.72
.46
1.00
1. 36
1.18
1.05
.88
.81
.87
1.88
1.34
.88
.50
.55
.54
.28
500
06
31
59
80
14
13
15
15
11
00
23
05
34
40
29
09
400
.45
. 37
.13
.06
.18
.72
1.16
1.04
.92
.08
. 52
.26
.25
.12
.08
.09
300 200
- .41
- . 57
- .67
-1.12
- .77
- .39
.57
.99
1.24
- .14
-1.10
-1.42
-1.34
- .82
- .25
.18
-1.
-1.
-1.
-1.
-1.
150 100
30
53
88
37
27
49
52
95
68
42
50
32
00
13
06
07
-2.
-2.
24
52
25
10
46
07
51
66
51
29
32
05
49
12
47
32
- .03 - .02 - .03 .12 - .05
Southern
Latitude
800(S)
750
700
650
600
550
500
450
400
350
300
250
200
15 0
100
50
0 0 - .95 - .10 .28
TABLE 5: Zonally averaged values of T in absolute degrees for the Southern
Hemisphere, 1958.
Mb. -- 1000 850 700 500 400 300 200 150 100
Latitude
80 0 (S) -- 250.1 247.3 233.1 223.8 214.2 213.2 212.9 212.8
750 256.7 254.6 248.6 235.2 225.9 215.8 214.3 214.1 214.4
700 259.2 257.4 251.8 237.6 228.5 217.7 215.4 215.9 216.7
650 265.8 261.0 255.1 240.5 231.2 218.5 216.1 217.3 217.9
600 271.4 265.0 258.9 243.9 234.0 221.7 216.7 218.2 218. 1
550 275.6 268.1 262.5 247.0 237.0 223.8 216.9 218.0 217.7
500 279.4 271.6 265.8 250.2 240.0 226.1 217.1 217.5 217.1
450 282.5 275.1 269.0 253.1 242.5 228.4 217.2 216.7 216.2
400 285.4 278.5 272.0 255.9 244.9 230.7 217.5 215.6 214.0
350 287.8 281.3 274.4 258.4 247.2 232.9 218.0 214.0 210.8
300 289.6 283. 6 277.0 260.9 249.6 235. 3 218. 5 212.0 206.6
250 291.7 285.7 279.1 263.2 252.1 237.7 219.0 210.1 202.3
200 294.0 287. 5 280. 7 265.4 254. 3 239.4 219. 6 208. 5 199. 3
15 295. 7 288. 5 281.6 266.4 255. 6 240.6 219. 8 207. 5 197.9
100  297. 1 289.4 282.2 267. 1 256. 6 241.6 220. 1 207.0 196. 1
50 298.2 290. 3 282. 5 267. 5 257. 1 242.0 220.2 206.8 195. 6
00 298. 9 290.7 282. 7 267. 7 257.4 242.0 220. 5 206.8 195. 7
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TABLE 6: Vertically integrated values of mean meridional
energy flux of the denoted forms for the Southern
Hemisphere. Units are in 1014 cal sec-1 .
Trans. Eddy Stand. Eddy
of Enthalpy of Enthalpy
Lat. OS
80
75
70
65
60
55
50
45
40
35
30
25
20
15
10
0
0-
- .27
- .36
- .64
- .90
- .49
- .25
- .06
.02
.05
- 37
.44
.25
.07
.15
.23
.06
Total Eddy
Enth alpy
- .35
- .56
-1.37
-2.05
-2.29
-2.68
-3.00
-3.33
-3.42
-3.45
-2.82
-1.86
- .92
- .59
- .34
.00
Total Latent
Heat *
- .03
.01
.06
- .10
- .73
-1.96
-3.28
-4.26
-4.52
-3.97
-3.22
-2.68
-1.13
1.95
4.28
2.69
Total Eddy
Enthalpy +
Latent Heat
- .38
- .55
-1.31
-2.15
-3.02
-4.64
-6.28
-7.59
-7.94
-7.42
-6.04
-4.54
-2.05
1. 36
3.98
2.69
* Starr, et. al., 1968
- .08
- .20
- .73
-1.15
-1.80
-2.43
-2.94
-3.35
-3.47
-3.08
-2.38
-1.61
- .85
- .44
- .11
A P7
.06
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TABLE 7: Vertically integrated values of mean meridional
energy flux of the denoted forms for the Northern
Hemisphere. Units are in 1014 cal sec-1.
Total Eddy
Trans. Eddy
of Enthalpy*
Lat. 0 N
90 0.00
88 .35
84 1.11
80 1.27
76 1.27
72 1.68
68 2.31
64 3.08
60 3. 80
56 4.78
52 5.46
48 5.74
44 5.69
40 5.36
36 4.78
32 3.53
28 2. 22
24 1.36
20 .61
16 .25
12 .14
8 11
4 .08
0 .04
Stand. Eddy
of Enthalpy*'
0.00
- .01
- .01
- .04
- . 06
.09
.36
.87
1. 39
1.75
1.82
1.42
1.17
.70
.49
.20
.24
.24
.11
0.00
- .08
- .08
- .07
- .08
Total Eddy
Enthalpy*
0.00
.34
1.10
1.23
1. 21
1.77
2.67
3.95
5. 19
6. 53
7.28
7.16
6.86
6.06
5.27
3.73
2.46
1.60
.72
.25
.06
.03
.01
-
.04
Total Latent
Heat**
.02
. 09
.19
.42
.73
. 94
1.42
2.24
3.11
3.84
4.28
4.13
3.15
1.80
.26
-1.19
-2.60
-3.40
-1.57
-2.69
Enthalpy +
Latent Heat
1.25
1.30
1.96
3.09
4.68
6. 13
7.95
9. 52
10.27
10.70
10.34
9.40
6.88
4.26
1.86
-
.47
- 2. 35
- 3.34
- 3 .2
- 1.56
2.73
**Peixoto, 196 5
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FIGURE 1: The geographical coverage of stations.
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The vertically integrated, mean meridional flux of enthalpy due to the
transient eddies (solid curve) and standing eddies (dashed curve) for
the Southern Hemisphere, 1958. Units are in 1014 cal sec 1 .
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FIGURE 8: The vertically integrated, mean meridional flux of enthalpy due to the tran-
sient eddies (solid curve) and standing eddies (dashed curve) for the Northern14Hemisphere, May 1958-April 1963. Units are in i1 cal sec.
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FIGURE 9: The pole-to-pole vertically integrated, mean meridional eddy flux of enthalpy.
Units are in 1014 cal sec 1 .
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FIGURE 10: The pole-to-pole vertically integrated, mean meridional flux of energy
due to the total eddy enthalpy plus latent heat transports. Units are in
10 4 cal sec- 1 .
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The vertically integrated, mean meridional eddy flux of enthalpy plus
latent heat according to this study and Starr, et. al. (1968), (solid curve).
The radiation required, meridional energy flux according to Gabites
(dashed curve) and Sellers (dotted curve). Units are in 1014 cal sec.
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